Abstract Transglutaminase 2 (TG2) was used to attach biologically-active BMP2 to collagen type I-coated poly-L-lactic acid (PLLA) nanofibrous scaffolds. Irreversibly cross-linked BMP2 retained its activity and induced Smad-dependent gene expression in cells seeded on PLLA-BMP2 scaffolds. These modified scaffolds promote osteogenic differentiation of human bone marrow-derived mesenchymal stem cells (hBMSCs) cultured in low-serum and growth factor free medium and support deposition of the calcified matrix and induction of the molecular osteogenic markers Runx2, osteopontin, osteonectin and bone sialoprotein. Importantly, the PLLA-BMP2 scaffolds did not support chondrogenic differentiation in hBMSCs as there was no expression of chondrogenic markers aggrecan, Sox 9, and collagen type II, and no deposition of cartilaginous glycosaminoglycan-rich matrix. Thus, TG2-mediated cross-linking of BMP2 to a scaffold is a novel approach to induce osteoblast-specific programming of hBMSCs in a spatially controlled manner.
Introduction
Protein therapy using osteogenic factors is a promising technique for bone regeneration and implant placement. Bone morphogenic protein (BMPs) are probably the most important growth factors in bone formation and healing that cause mesenchymal stem cells to infiltrate into the fracture zone and to differentiate into bone and cartilage-forming cells. Although at least 20 BMPs have been identified and studied, only BMPs 2, 4 and 7 stimulate in vitro the entire process of stem cell differentiation into mature osteoblastic cells (De Biase and Capanna 2005) . The addition of BMP2 to poly-Llactic acid (PLLA) scaffolds enhances osteoprogenitor cell differentiation (Ciapetti et al. 2012) ; however, methods for retaining BMP2 on PLLA scaffolds are scarce. Current research is focused on approaches to prolong local BMP effects by reducing their diffusion from the carriers and optimization of the latter (Zhang et al. 2012; Kisiel et al. 2013) . Matrices mimicking the architecture of collagen type I fibers, such as electrospun nanofibrous PLLA scaffolds, enhance osteogenic differentiation in stem cells (Wang et al. 2010) and are commonly used to mimic skeletal tissues (Prabhakaran et al. 2009; Nguyen et al. 2011) .
Previous studies from our group and others have revealed the efficiency of transglutaminase 2 (TG2) in the covalent addition of growth factors to scaffolds. We have shown that TGFb3 irreversibly cross-linked to collagen-coated nanofibrous PLLA scaffolds by TG2 preserved the biological activity, and modified PLLA-TGFb3 scaffolds supported chondrogenic differentiation in human bone marrow-derived mesenchymal stem cells (hBMSCs) (Niger et al. 2013) . Similarly, TG2-mediated cross-linking of the biologically active fragment of human parathyroid hormone ] emerges as an effective approach to functionalize fibrin matrices for improved bone formation in comparison to un-modified fibrin (Arrighi et al. 2009) . In this study, we determined the proosteogenic potential of nanofibrous PLLA scaffolds modified with covalent cross-linking of BMP2. We show that BMP2 cross-linked to collagen-coated scaffolds by TG2 retains its biological activity and induces osteogenic differentiation and calcium deposition by hBMSCs. This proof-of-principal study identifies a new application for TG2 in tissue engineering to fabricate precast scaffolds that can drive local osteogenic differentiation in hBMSCs in vivo.
Materials and methods

PLLA scaffold preparation
Biodegradable nanofibrous scaffolds were prepared by electrospinning of PLLA (Sigma) in a 12 % (w/v) hexafluoroisopropanol (HFIP) (Sigma) as described in our previous studies (Shanmugasundaram et al. 2012) . In brief, electrospinning was performed at room temperature at 3 ml/h at 20 kV. The average fiber diameter was *0.3 lm and the nanofibrous scaffolds were approximately 150 lm thick. Prior to use, PLLA scaffolds were cut into disks, 6 mm diameter for 96-well plates and 11 mm diameter for 24-well plates. Scaffolds were washed in 70 % (v/v) ethanol, then in PBS, and coated overnight with collagen type I (Chondrex, Inc., WA) at 0.1 mg/cm 2 according to Shanmugasundaram et al. (2012) . To cross-link BMP2 to collagen-coated PLLA nanofibers, 0.01 U/ml purified liver TG2 enzyme (Sigma-Aldrich) was incubated with scaffolds and BMP2 (ProSpec, NJ) for 16 h. Cross-linked scaffolds were rinsed in PBS to remove unbound BMP2 and TG2 and then used for cell cultures.
BMSC expansion and culture hBMSCs (Lonza Walkersville Inc., MD) were expanded in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10 % (v/v) fetal bovine serum and 1 % antibiotic-antimycotic (Invitrogen, CA) at 37°C, 5 % CO 2. Cells were used on passage 2-3.
BMSC differentiation
For the induction of hBMSC osteogenesis, cells were seeded at 7.5 9 10 4 /cm 2 and maintained in 0.1 % FBS DMEM with high glucose and supplemented with 0.1 % fetal bovine serum, 10 -7 mM dexamethasone, 0.1 mM ascorbic acid, 5 mM b-glycerophosphate, 1 % ITS premix (BD Biosciences, NJ), 1 mM sodium pyruvate, 0.35 mM L-proline, 4 mM L-glutamine andData analysis and statistics Western blots were analyzed by densitometry using Scion Image (Scion Corp). Real-time PCR and luciferase activity data were analyzed using Excel (Microsoft Corp). Data are expressed as mean ± SE from at least three independent experiments (n C 3). Student's t test was used for comparison between two groups. For more than two groups, mean values were compared using one-way analysis of variance with comparison between groups by Tukey's honest significant difference test. A value of p \ 0.05 was considered statistically significant.
Results and discussion
BMP2 cross-linked to scaffold by TG2 retains its biological activity
Crosslinking of BMP2 to collagen type I-coated PLLA scaffolds was performed by an overnight incubation of the scaffolds with 50 ng BMP2/ml and 0.01 U TG2/ ml. To assay for self-absorbtion of BMP2 to the scaffolds, a control reaction included only BMP2 but no TG2. We employed an ELISA assay to monitor depletion of BMP2 from the incubation medium that would occur if BMP2 was cross-linked to the scaffold. In the control reaction lacking TG2, BMP2 is readily detected in the medium collected after an overnight incubation with scaffold at levels similar to a control aliquot of BMP2 that was not exposed to a scaffold (50 ng soluble BMP2/ml) (Fig. 1a , compare dark grey to hatched bar). This result shows that BMP2 does not self-absorb onto the collagen-coated PLLA scaffolds. In contrast, in the presence of TG2, almost all BMP2 protein is cross-linked the scaffold, and is barely detected in the medium by ELISA after the overnight reaction (Fig. 1a) .
TG2-mediated cross-linking of certain proteins attenuates their activity (Cooper et al. 1997 ). Therefore, we examined whether BMP2 retains its biological activity after cross-linking to collagen type I-coated PLLA nanofibers. For this, A10 cells stably Fig. 1 BMP2 cross-linked to collagen-coated PLLA nanofiber scaffolds retains its biological activity. A-ELISA for BMP2 protein present in medium after overnight incubation on scaffolds. The bar graph presents quantitative analysis of replicate experiments (n = 3; *p \ 0.05). Soluble BMP2 (50 ng/ml) served as a positive control. B-expression of SMAD-dependent luciferase reporter in A10 cells cultured for 48 h on scaffolds pre-treated for 16 h with TG2 (0.01 U/ml), BMP2 (50 ng/ml) or their combination to allow for BMP2 crosslinking to the scaffolds (dark grey bars) and in cells cultured for 48 h in residual medium removed from scaffolds after pretreatment (light grey bars). (n = 4, *p \ 0.05). C-dosedependent activation of SMAD-dependent luciferase expression in A10 cells by both soluble and cross-linked BMP2; n = 3 infected with a SMAD-dependent luciferase reporter (A10-Smad cells) were incubated for 48 h on the modified scaffolds (Fig. 1b, light grey bars) . In cells cultured on control scaffolds pre-incubated overnight with either BMP2 or TG2 alone, we did not detect SMAD-dependent luciferase activity. In contrast, scaffolds modified with BMP2 by TG2-mediated cross-linking induced SMAD-dependent gene expression. Activity of the luciferase reporter in these cells was similar to that induced by soluble 50 ng BMP2/ml retained in the medium from scaffolds treated with BMP2 alone in the absence of TG2 (Fig. 1b, dark grey  bars) . Next, we analyzed the dose-dependent response of A10-Smad cells to cross-linked versus soluble BMP2, and demonstrate a good correlation between the activities of the immobilized and soluble BMP2 in the range of 5-50 ng/ml (Fig. 1c) .
Together, these results confirm the biological activity of BMP2 cross-linked to collagen type I-coated PLLA nanofibrous scaffolds up to 150 ng/ cm 2 and present a new method for local delivery of immobilized active BMP2.
Stability of cross-linked BMP2
Stability of the modified scaffolds is an important factor to consider in tissue engineering, and therefore we tested whether the biological activity of BMP2 in the TG2 cross-linked scaffolds was maintained over time. First, we analyzed whether BMP2 was covalently and irreversibly cross-linked to the scaffolds by measuring BMP release into the medium during 7 days incubation of the cross-linked scaffolds. Medium collected at days 1, 3, 5 and 7 was applied to A10-Smad cells and luciferase activity was measured 48 h later. Medium collected from non-modified control scaffolds not exposed to either BMP2 or TG2 was used to set the baseline level of luciferase activity in the reporter cells (Fig. 2a, black bars) . In agreement with minimal self-absorbance of BMP2 into the scaffolds, medium from the scaffolds incubated with BMP2 in the absence of TG2 contained high levels of active morphogen on day one after treatment ( Fig. 2a,  light grey bars) . Importantly, incubation of the scaffolds with a combination of BMP2 and TG2 completely removed active morphogen from the medium on the first day after treatment indicating that all BMP2 protein was cross-linked to the scaffold. This cross-linking is covalent and irreversible as no BMP2 was released into the medium over 7 days (Fig. 2a , dark grey bars). To determine whether cross-linked BMP2 retained its activity after 7 days, scaffolds were seeded with A10-Smad cells after the last collection of medium and activity of luciferase was analyzed 48 h later (Fig. 2b) . This analysis revealed that BMP2 cross-linked to PLLA scaffolds induced expression of the reporter transgene as effectively as did a fresh aliquot of 50 ng soluble BMP2/ml demonstrating that activity of BMP2 is maintained for at least 7 days after the cross-linking reaction. Fig. 2 Irreversible TG2-mediated cross-linking of active BMP2 to scaffolds. a Expression of SMAD-dependent luciferase reporter in A10 cells treated with medium conditioned on scaffolds that were pre-treated for 16 h with TG2 (0.01 U/ml), BMP2 (50 ng/ml) or TG2 ? BMP2 combination. b PLLA-BMP2 modified scaffolds incubated in serum-free medium for 7 days were seeded with A10-Smad reporter cells and luciferase expression was measured 48 h later. Cells treated for 48 h with soluble BMP2 (50 ng/ml) served as positive control (n = 4, *p \ 0.05; **p \ 0.01; ***p \ 0.001) BMP2 cross-linked by TG2 promotes osteogenic differentiation of hBMSCs Next, we analyzed whether immobilized BMP2 promotes osteogenic differentiation in hBMSCs. Primary hBMSCs (P2-4) were cultured on 3D collagen-coated PLLA nanofibrous scaffolds in the presence of either cross-linked or soluble BMP2 for 12 days. Deposition of calcified matrix was analyzed as a marker of osteoblast maturation. Cells seeded on non-modified scaffolds served as negative controls. Only scaffolds modified with cross-linked BMP2 supported calcium accrual in hBMSCs to levels similar to that induced by soluble BMP2 freshly added every other day to culture medium (3.5 ? 0.3-fold increase compared to 4.3 ? 0.2 increase in calcium accumulation) (Fig. 3a) . Of note, induction of calcium accumulation in hBMSCs was specific for BMP2 as TGFb3, another protein of the TGF-beta superfamily, was insufficient to induce deposition of the calcified matrix (Fig. 3a, light grey bar) .
To confirm osteogenic differentiation at the molecular level, we analyzed expression of the markers of stem cells and osteogenesis by real-time RT-PCR in hBMSCs on either non-crosslinked PLLA or PLLA-BMP2 scaffolds. Stem cell markers were downregulated (Fig. 3b) while osteogenic markers were induced (Fig. 3c) including a significant, greater than 10-fold increase of Runx2 and osteopontin gene expression, an eightfold increase of osteocalcin expression and a twofold increase in BSP expression. These results demonstrate that cross-linked BMP2 retains its pro-osteogenic activity.
Cross-linked BMP2 does not induce chondrogenic differentiation in hBMSCs BMP2 induces chondrogenic differentiation in mesenchymal cells in vitro (Denker). To determine whether cross-linked BMP2 stimulates dual osteochondrogenic differentiation in our scaffold culture, we analyzed the deposition of glycosaminoglycan-rich (GAG) cartilaginous matrix with Alcian Blue dye (Fig. 4a, black bars) and expression of the early chondrogenic markers by RT-PCR (Fig. 4b) on BMP2-crosslinked PLLA scaffolds (PLLA-BMP2) compared to unmodified scaffolds. These analyses did not detect any sign of chondrogenic differentiation on Fig. 3 Induction of osteogenic differentiation in hBMSCs by cross-linked BMP2. a Deposition of calcified matrix in hBMSCs cultured on modified collagen-coated PLLA scaffolds. Prior to cell seeding, scaffolds were incubated overnight with TG2 (0.01 U/ml), BMP2 (50 ng/ml) or their combination to allow for BMP2 cross-linking to the scaffolds. Cell-seeded scaffolds treated with soluble BMP2 or TGFb3 served as positive and negative controls, respectively. Three independent experiments in duplicate were performed (***p \ 0.001). b, c Real-time PCR analysis for expression of stem cell markers (b) and osteogenic genes (c) in hBMSCs cultured on BMP2-modified PLLA scaffolds compared to unmodified scaffolds. (n = 3; *p \ 0.05; ***p \ 0.001) the PLLA-BMP2 scaffolds that did support the deposition of calcified matrix (Fig. 4a, grey bars) .
Conclusion
Several clinical trials have proven that effects of BMPs are more potent and specific than that of other members of the TGF-beta superfamily. Here, we demonstrate the specific action of cross-linked BMP2 as an osteoinductive factor on collagen-coated PLLA scaffolds. The nanofibrous structure of the scaffolds may contribute to restricted cell lineage differentiation towards an osteoblastic phenotype in hBMSCs despite the demonstrated ability of soluble BMPs to stimulate both chondrogenic and osteogenic differentiation in vitro.
Efficient bone repair in higher mammals may require a prolonged period of time for BMP-stimulated osteogenic differentiation of the local and circulating progenitor cells (Gautschi et al. 2007 ). Current methods of delivering these morphogens as loosely-incorporated into matrices during synthesis by absorption or in lipidbased vesicles do not retain the instructive proteins in place for appreciable time due to diffusion and new methods to retain active morphogens at the site of implantation are clinically needed. A new approach to immobilize biologically active BMP2 on PLLA scaffolds is described that supports a rapid translation of our findings into clinical models as PLLA nanofibrous scaffolds are resorbable, FDA-approved, mechanically suitable for generating bone scaffolds, and their degradation product (lactic acid) is non-immunogenic. In addition, we envision that TG2-mediated cross-linking of BMPs will be effective on other scaffolds as well. Further, we recently showed that TG2 can be also employed to modify PLLA scaffolds with biologically active TGFb3 which efficiently directs chondrogenic differentiation of hBMSCs (Niger et al. 2013) , suggesting that TG2 can be used to generate more complex biphasic osteochondral scaffolds capable of delivering multiple biologically active growth factors in a spatially-regulated manner to direct hBMSCs to multiple lineages within the same scaffold.
